Introduction
The beneficial effects of L-ascorbic acid (AsA) on bread texture are now attributed to its oxidation to dehydro-Lascorbic acid (DHA) by L-ascorbic acid oxidase or transition metals (Fig.1A-Kuninori and Nishiyama, 1993) . In this process, DHA is reduced back to AsA by glutathione dehydrogenase in conjunction with the oxidation of reduced glutathione (GSH). It is precisely oxidized glutathione that, in turn, increases the formation of disulfide (SS) bridges in wheat proteins through a SS-sulfhydryl (SH) exchange reaction, generating a network structure in the dough and an improvement in loaf structure as a result (Sarwin et al., 1993; Hahn and Grosch, 1998; Grosch and Wieser, 1999; Koehler, 2003) .
Previous studies on the beneficial effects of AsA on heat-induced fish gel (e.g., kamaboko) (Nishimura et al., 1992a (Nishimura et al., , 1992b (Nishimura et al., , 1994 (Nishimura et al., , 1996 Miyamoto and Nishimura, 2006a; Nishimura et al., 2008) reported that superoxide anion radicals (O 2 − ), generated during the oxidation of AsA on transition metals (e.g., iron), remove hydrogen radicals from SH groups on myosin, resulting in the production of thiyl radicals (S•). Subsequent reaction between pairs of S• leads to the formation of SS bonds between myosin heavy chains (MHC), thereby creating a network structure and increasing the strength of the fish gel (Fig.1B-Nishimura et al., 1996) . As in the case of fish gel, an AsA-mediated promotion of protein polymerization in bread flour by O 2 − has been previously suggested by Nakamura and Kurata (1997a , 1997b , based on size-exclusion HPLC analysis results. Miyamoto and Nishimura (2006b) Osborn (1924) . Distilled water (320 mL) was added to 40 g of wheat flour, the suspension was vigorously shaken for 5 min and then centrifuged at 800 g for 5 min. A 3% NaCl solution (320 mL) was added to the obtained precipitate and vigorously shaken for 5 min. Centrifugation (800 g × 5 min) was subsequently carried out to accelerate precipitation. A 70% (v/v) ethyl alcohol solution in water (320 mL) was added to the precipitate, followed by 5 min of vigorous shaking. After a new centrifugation cycle (800 g × 5 min), 320 mL of 0.1% sodium hydroxide solution was added to the obtained precipitate and centrifuged at 800 g for 5 min, following vigorous shaking for 5 min. The obtained supernatant liquid was dialyzed against distilled water and the glutenin became insolubilized. The glutenin product was recovered by centrifugation (800 g × 5 min at 20℃).
Protein glutaminase (250 mg) was added to 100 mL of 10% glutenin suspension in a 20 mM phosphate buffer (pH 6.5), and the mixture was incubated at 37℃ for 70 min. β-Mercaptoethanol (BME) was added to the soluble glutenin recovered by centrifugation (3,000 g × 10 min) to a final concentration of 1% (v/v), and samples were boiled for 3 min. Centrifugation (5,000 g) using a centrifugal filter device (Amicon Ultra-15; Millipore Co., MA, USA) was carried out to concentrate the samples approximately 6-fold. Following an additional centrifugation (274,000 g × 30 min), the supernatant liquid was dialyzed against distilled water to remove BME and a further 5-fold increase in concentration was carried out using polyethylene glycol. N-Ethylmaleimide (NEM) was added to the soluble fraction of SS-reduced glutenin, (final concentration of 80 mM) in order to modify the SH groups. The concentration of protein in both types of soluble glutenin was 38.8 mg/mL. Immediately after preparation, both types of soluble glutenin were analyzed by ESR spectroscopy. Unless otherwise stated, all procedures were performed at 4℃.
Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) analysis
An equivalent quantity of 50 mM phosphate buffer (pH 7.2) containing 8 M urea, 8.8 mM NEM, and 2% SDS was added to wheat flour, glutenin, and deamidated glutenin (soluble glutenin), respectively, and the mixtures were stored overnight. BME was added to each is not possible. To overcome this limitation, the important bread protein glutenin (Khan and Bushuk, 1979; Bietz and Wall, 1980) was solubilized by a deamidation method using protein glutaminase.
In this study, I used photoactivated riboflavin (Rf) as the source of O 2 − , instead of AsA, because the persistence of the monodehydro-L-ascorbic acid (MDA, AsA radical) species interferes with the detection of S• by ESR.
Material and Methods
Materials Wheat flour for bread (Nisshin Foods Inc., Tokyo, Japan) was obtained from a local market. Protein glutaminase was supplied by Amano Enzyme Inc. (Nagoya, Japan). Biochemical-grade superoxide dismutase (SOD) from bovine erythrocytes and catalase from bovine liver were k. nishimura − -dependent polymerization of the myosin heavy chain (MHC) (adapted from Nishimura et al., 1996; Miyamoto and Nishimura, 2006a) 
(B).
AsA in dough is oxidized to DHA by L-ascorbic acid oxidase or transition metals (A). Further, reduction of DHA to AsA by glutathione dehydrogenase results in the oxidation of reduced glutathione. This oxidation promotes the formation of disulfide (SS) bridges among the proteins of flour via SS-sulfhydryl (SH) exchange.
Fe(III) is shown as an example of a trace metal ion that catalyzes the autoxidation of AsA (B). Monodehydro-L-ascorbic acid (MDA) (AsA radical), the univalently oxidized product of AsA, is spontaneously disproportionated to AsA and DHA. Fe(II) reduces molecular oxygen forming O 2 − that subsequently removes hydrogen radicals from SH groups on MHC, generating S• and two molecules of S• can then combine to form an SS bond.
an increase in the negative charge of the deamidated protein occurs. Consequently, the affinity between the protein and the negative charged SDS molecule decreases (Yamaguchi and Yokote, 2000) . These results indicate the solubilization of glutenin while ruling out the hydrolysis of the protein.
Detection of Glutenin Thiyl Radical by DMPO Spin Trapping ESR
The samples for ESR spectroscopy were prepared from both SS-reduced and SH-modified soluble glutenin. SH contents per milliliter of the SS-reduced and SH-modified soluble glutenin were 3.68 ± 0.25 (n = 4) and 0.04 ± 0.02 (n = 3) µmol/mL, respectively. Prior to illumination with white light, no ESR signal was detected in SSreduced soluble glutenin (Fig. 3A) . However, a quartet splitting with 1:2:2:1 signal intensity was detected after 4 min of illumination (Fig. 3B) . The calculated g value (2.0045) was slightly lower than that of glutathione S• (2.0055; Miyamoto and Nishimura, 2006a) . Sakaue et al. (1999) reported that the resonant motion of S• generated in high-molecular-weight substances such as protein is easily restricted, resulting in a shift from the original g value in the ESR spectroscopy. Consequently, the observed gap in g value is likely to originate from the varying molecular weight of the main proteins, which typically ranges from 100,000 to 40,000. In contrast, a completely different ESR spectrum after illumination was obtained in the case of SS-modified soluble glutenin (Fig.  3C) , and this fact has been previously attributed to the presence of a DMPO-O 2 − adduct (Mitsuta et al., 1990) . Similar signals were obtained with myosin lacking thiol (Nishimura sample at a final concentration of 10%, and the mixtures were heated at 100℃ for 3 min. Around 30 μg of the mixture was subjected to SDS-PAGE. SDS-PAGE analysis was performed at 20 mA for approximately 1 h, according to Laemmli (1970) .
Preparation of Soluble Glutenin Samples for ESR Spectroscopy
A solution containing 32.3 mg/mL of SS-reduced soluble glutenin, 1 mM diethylenetriaminepentaacetic acid (DTPA), 0.2 μM Rf, 75 mM 5,5-dimethyl-1-pyrroline-Noxide (DMPO; 99.5% pure) (a spin trap reagent), and 20 mM phosphate buffer (pH 6.5) was prepared for ESR spectroscopy. The same solution containing 32.3 mg/mL of protein was also generated using the SS-modified soluble glutenin in substitution of SS-reduced soluble glutenin. In addition, solutions of SS-reduced soluble glutenin containing superoxide dismutase (SOD) (2,500 units (U)/mL), catalase (3,333 U/ mL), or the same amounts of heat-inactivated SOD or catalase were prepared.
ESR Spectroscopy ESR spectra were obtained with an X-band ESR spectrometer (JES-FA100; JEOL, Tokyo, Japan) using a 100-kHz field modulation and a 0.4-mm-thick flat cell (ES-LC12; JEOL, Tokyo, Japan). White actinic light (520,000 lx) from a halogen lamp (Mega Light100; HoyaSchott, Tokyo, Japan) was used to excite the flavin molecules. Spectra were recorded just after turning on the white actinic light under the following conditions: center field, 335.4 mT; microwave power, 16 mW; modulation width, 0.1 mT; amplitude, 2000; sweep time, 4 min; and time constant, 0.3 s. The magnetic field strength and apparent signal intensity of the S• adducts were calibrated using the ESR signal from Mn(II)-doped MgO powder.
Determination of protein and thiol contents Protein and thiol contents were measured following the procedures described by Lowry et al. (1951) and Ellman (1959) , respectively.
Statistical Analyses Unless otherwise stated, results represent the mean ± standard deviation (SD) of at least duplicate independently measured samples. Tukey's test was used to determine the significance of differences among samples.
Results and Discussion
State of SS-Reduced Soluble Glutenin SS-reduced soluble glutenin was compared with wheat flour and glutenin by using SDS-PAGE (Fig. 2) . Several main bands were observed in wheat flour (lane 1) and glutenin (lane 2). Remarkably, a new higher molecular weight protein (about 160,000) emerged in SS-reduced soluble glutenin (lane 3). Such slow migration on SDS-PAGE was reported to be caused by chemically deamidated gluten (Bollecker et al., 1990) . Thus, as this deamidating enzyme has no transglutaminase activity, univalently oxidize them to S•, as in the case of the horseradish peroxidase-catalyzed oxidation of glutathione (Harman et al., 1986) . Therefore, the decrease in intensity shown in Fig.  3C may be derived not only from O 2 − but also from H 2 O 2 . Accordingly, in order to determine the type of radical species responsible for the generation of S• in glutenin, an O 2 − scavenger such as SOD (2,500 U/mL) was added to the protein.
Note that an equivalent amount of heat-inactivated SOD was also added, since all proteins are known to have some radical-scavenging activity (Halliwell and Gutteridge, 1999) . As shown in Fig. 3D , the ESR signal obtained from the glutenin sample containing SOD was very weak. In contrast, the addition of heat-inactivated SOD to glutenin (Fig. 3E ) resulted in a line shape with intensity similar to those obtained in the control experiment without enzymes (Fig. 3B) . On the other hand, the role of H 2 O 2 in S• generation was examined by addition of catalase (3,333 U/mL) ( Fig. 3F ) and heat-inactivated catalase in equivalent amounts (Fig. 3G) . Remarkably, both experiments also resulted in a line shape and intensity similar to those of the control (Fig. 3B) . Table 1 shows the relative ESR signal intensity of each second main peak in the S• trace of soluble glutenin radical calculated as the percentage of the mean signal intensity for SS-reduced soluble glutenin (Fig. 3B) . Remarkably, the values obtained for the SH-modified glutenin and the SSreduced glutenin containing SOD were significantly lower (p < 0.05, 0.01, respectively) than that of SS-reduced soluble glutenin, whereas significant differences were not found between the control and any of the other samples. These results suggest that, rather than H 2 O 2 , the decrease in intensity shown in Fig. 3C was produced by O 2 − that is responsible for the generation of S• in glutenin. Previous studies propose a chain reaction mechanism triggered by S•. In this mechanism, RS• radicals, once formed, propagate the radical chain reaction forming RSOO•, RSR•, O 2 − , and RS• radicals. The chain reaction is finally terminated by the formation of disulfides (RSSR) (Saez et al., 1982) , thereby strongly suggest- et al., 2008) , thereby strongly suggesting that the signal represented in Fig. 3B A solution of 32.3 mg/mL of SS-reduced soluble glutenin, 1 mM DTPA, 0.2 µM Rf, and 75 mM DMPO in 25 mM sodium phosphate buffer (pH 6.5) (3.68 ± 0.25 (n = 4) µmol/mL of SH content) under dark (A) or illumination by white light at 520,000 lux (B) conditions. The same solution as above (A) including 32.3 mg/mL of SSmodified soluble glutenin instead of SS-reduced soluble glutenin (0.04 ± 0.02 (n = 3) µmol/mL of SH content) under illumination by white light at 520,000 lx (C). The same solution as above (A) except for the presence of 2,500 U/mL SOD (D), an equivalent amount of heat-inactivated SOD (E), 3,333 U/mL catalase (F), and an equivalent amount of heat-inactivated catalase (G), respectively under illumination by white light at 520,000 lx.
ing the formation of disulfides like gluten molecules with intermolecular SS bonds in this system. While it is necessary to bear in mind that a real dough sample is a very complex system and contains several low molecular weight thiols like GSH. Consequently, the possibility that such thiols provide the same products by AsA via recombination of glutathionyl radicals to oxidized glutathiones (Grosch and Wieser, 1999) cannot be ruled out. However, the observed occurrence of S• (induced by O 2 − ) in soluble glutenin can be extrapolated to wheat protein in real dough samples, resulting in the formation of SS bridges between wheat proteins. In these samples, although, a fraction of O 2 − is likely to react with thiols such as GSH.
To the best of my knowledge, O 2 − -induced formation of S• has only been demonstrated using wheat peptide (Miyamoto and Nishimura, 2006b), whereas works on more complex wheat proteins are lacking. In this study, I proved, for the first time, the existence of this mechanism in wheat proteins. And, the proposed mechanism can coexist with that postulated by Grosch for other systems (Grosch and Wieser, 1999) . Overall, this S•-based mechanism in bread proteins is an important contributor to gain insight on the parameters governing the final structure and texture of bread.
